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Abstract

This project aimed at developing computational and mathematical tools, based
extensively on elements of system theory, that enable microscopic/stochastic simulators
to perform system-level tasks (analysis, design, control, optimization). We stressed
controller design and optimization tasks. Several examples, from small molecule folding
to complex fluid rheology and computational materials science were pursued. Later
important developments involved the extension of the computational technology to
encompass uncertainty quantification as well as the detection of appropriate observables
from data (the “variable free” component of the “equation-free” approach).

Objectives

The objective of this project was outlined in the original proposal: to enable advanced,
computer-assisted analysis and desigh computations for complex, nonlinear, distributed
(spatially varying) processes described by microscopic (atomistic, stochastic, agent-
based) models. The algorithms developed as part of the project allow scientific
computing tasks (like simulation, stability and bifurcation analysis, control and
optimization) to be performed for problems for which the physical description is available
at a “fine” microscopic or stochastic level, but the questions asked are at a macroscopic,
systems level. This bridge takes the form of software “wrappers”, that can be combined
with state of the art microscopic simulation codes (like molecular dynamics, MD, kinetic
Monte Carlo, kMC, equilibrium MC, Lattice-Boltzmann, LB, Brownian Dynamics, BD,
or general agent-based, AB) simulators. It also, fortuitously, encompasses the case of
large scale legacy codes, which can also be enabled by these “wrappers”. System theory
tools (system identification, separation of time scales) play a prominent role in this
computational enabling technology.

Accomplishments
Possibly the best way to examine the accomplishments of this work is to look

through the titles of publications in refereed journals (appeared, in press and submitted)
that appear at the end of this final report. In the first year we performed extensive work on
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the development and implementation of computational algorithms; we have also
performed extensive work on the “coarse computational study” of the dynamics of a
number of physical systems (based on Brownian Dynamics, on kinetic Monte Carlo, on
equilibrium Monte Carlo, on Molecular Dynamics as well as on legacy codes). We
emphasized particularly the modifications that arise in the context of using coarse
methods in a control context (a paper on coarse linear control of Brownian Dynamics, one
on coarse linear control of lumped kinetic MC simulations, one on coarse linear control
of LB distributed simulators). There is one publication on coarse, timestepper-based
optimization, which is going to be submitted within a month or so; there is another paper
on the “patch-dynamics” based control of distributed parameter systems that we expect to
submit this calendar year. There were also several Proceedings papers which we simply
did not mention (ACC, upcoming CDC etc.). In the second year we had successes in
problems as diverse as evolutionary epidemiology (Cisternas et al.) and bacterial
chemotaxis (Setayeshgar et al.), computational materials science (Haataja et al.) and
equilibrium complex fluids (Kopelevich et al.). At the same time we proposed new links
of the equation-free approach with control algorithms (Armaou et al., Siettos et al.,
collaboration with Christofides), the use of legacy codes (Siettos et al.); and worked on
numerical analysis and new algorithms (Samaey et al., Kelley et al., Gear et al.). More
recent accomplishments were made along three directions: The first was the equation-
free approach to uncertainty quantification. The idea is simple: try to combine the best
features of Monte Carlo sampling with the strength of the Polynomial (Wiener) chaos
representation. Do short bursts of MC simulations, and use them to estimate, on the fly,
the time- and parametric dependence of the appropriate obsevables — polynomial chaos
projections of the result distributions. We already have, in addition to a first paper,
another paper where the approach is used to develop algorithms for the study of
homogenization problems. The second direction had to do with the coherent behavior of
interacting entities (e.g. vehicles, swarms etc.). Here there are two options: are the
interacting entities identical or different ? If they are similar, then “traditional” equation-
free methods are used — we can observe the evolution of the statistics of brief microscopic
simulations, and then use our equation-free approach for accelerated modeling or control
purposes. But if the interacting entities have a distribution or properties, we can again
take advantage of the computational chaos observables, and evolve not the statistics of
the evolving distribution, but the projection of this distribution on polynomial chaos basis
functions. There have been several papers along these lines including a recent Phys. Rev.
Lett. The third direction has to do with novel data processing methods for determining the
right observables from complex, high-dimensional data. Here, in collaboration with R.
Coifman at Yale, we have developed methods for linking equation-free computation with
diffusion maps: a computational approach based on harmonic analysis on graphs that
allows for finding the “right coarse observables” from high dimensional simulation data;
and the use of these results BOTH in accelerating simulations and in bootstrapping the
data collection process. Finally, the methods we developed are already naturally applied
to study the control of fluctuations in nanoscopic systems — a good example is provided
by the parametric study of water filling-emptying transitions in carbon nanotubes, which
also appeared in Phys. Rev. Letters. Overall, as the techniques mature and the application




list lengthens, the methods become more visible and start to be used by other people also
— there was an article about this overall work program last month in SIAM News.
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